ABSTRACT In this paper, a first attempt is made to deal with the motion tracking problem for a hydraulic system in the existence of input saturation, unknown valve dead-zone, parametric uncertainties, and uncertain disturbances. To address the problem of input saturation and valve dead-zone simultaneously, the designed anti-windup is integrated with the compensation of the dead-zone nonlinearity effectively via a combined and comprehensive inverse model. A dynamic auxiliary system and a smooth dead-zone inverse model, which are utilized to attenuate input saturation and compensate the nonlinearity of dead-zone, are synthesized into the design of the robust adaptive controller based on the backstepping technology. Meanwhile, the adaptive law and the nonlinear robust control law are conducted to handle parametric uncertainties and various disturbances. Based on the Lyapunov stability theory, the closed-loop asymptotic stability of the designed control strategy is proved, and the boundedness of all the signals are ensured. The excellent performance of the proposed control scheme is verified by comparative experimental results.
I. INTRODUCTION
Hydraulic systems are widely applied in modern industries (e.g., vehicle hydraulic turbines [1] , active suspensions [2] - [4] , load simulators [5] , robot manipulators [6] - [8] , etc.) since they have superior load efficiency and small sizeto-power ratio. However, high-precision position control for hydraulic systems is facing great challenges since hydraulic system is a typical nonlinear system, meanwhile it involves various uncertainties (i.e., parametric uncertainties and uncertain nonlinearities [9] ). The leakage coefficient, oil effective bulk modulus and viscous friction coefficient are included mainly in the parametric uncertainties, while input saturation, valve dead-zone and external disturbances can be considered as uncertain nonlinearities, which impede the development of high performance controllers [10] , [11] . Therefore, the theory of linear controller (i.e., proportional integral derivative (PID) type controllers) is limited to keep up with the demand of modern hydraulic system in the past. In order to deal with the nonlinear characteristics of controlled system, many nonlinear control theories have been proposed successively over the past several decades.
Adaptive control [12] , [13] as an effective tool is proposed for the problem of parametric uncertainties, but unmodeled disturbances/dynamics are difficult to be suppressed in practice. In order to solve unmodeled disturbances and parametric uncertainties, adaptive robust control strategy synthesizing the advantages of robust control method and adaptive control method was proposed for uncertain nonlinear system [14] , [15] . In this control scheme, uncertain nonlinearities can be linearly parameterized to compensate these disturbances. However, these time-varying disturbances are not compensated effectively since linearized model cannot accurately reflect the actual uncertainties. For these issues, an adaptive neural network (NN) control method has been proposed for nonlinear systems with full state constraints [16] , in which NNs and Barrier Lyapunov functions (BLFs) are integrated to handle the time-varying disturbances and the problem of full state constraints. The effectiveness of the controller is verified by simulation. In addition, in [17] and [18] , these adaptive neural network (NN) control methods were respectively developed to deal with the problems of unknown time-varying delayed states and finite-time fault-tolerant control for nonlinear system, and excellent results were obtained by simulation verification. However, all aforementioned nonlinear control strategies only obtain the trajectory tracking performance with bounded error in the existence of time-varying disturbances. Subsequently, an adaptive robust control method combined with robust integral of the sign of error was investigated in [19] and [20] , which not only solves the problem of parametric uncertainties, but also obtains excellent performance of asymptotic tracking with output tracking error converging to zero. Unfortunately, unmatched disturbances are difficult to be attenuated by this control method and the mathematical model of practical hydraulic system typically includes unmatched disturbances (e.g., unmodeled dynamics and nonlinear friction effects). To suppress unmatched/matched disturbances and achieve outstanding asymptotic performance with zero tracking error simultaneously, a robust adaptive control was developed for hydraulic system [21] , in which the control algorithm incorporates a novel continuous robust control law [22] , and expected control performance can be guaranteed by stability analysis. However, the nonlinear characteristics of valve dead-zone and input saturation are not considered together in all aforementioned nonlinear approaches. While hydraulic systems may suffer these nonlinearities in practice, which means that the tracking performance of controlled servo system is barely satisfactory in these cases. Therefore, it is very significant to develop related controllers, in which anti-windup and dead-zone compensation should be integrated for high accuracy tracking performance. Unfortunately, there are few works considering both dead-zone compensation and antiwindup due to the high nonlinear characteristics of natural hydraulic systems with various uncertainties.
The design of auxiliary system as an anti-windup strategy has been exploited to inhibit the input saturation of proposed systems. To mention a few, the design of auxiliary system has been developed to research the influence of actuator saturation, in which these auxiliary design systems with specified states are employed to enhance the tracking performance of adaptive controller for a class of uncertain nonlinear systems with multi-input and multi-output [23] . On this basis of [23] , Min et al. [24] made the first try to handle the control problem of motion for nonlinear systems only with position signal in the existence of various nonlinear problems (e.g., time delay, input saturation, and external disturbances). However, the above-mentioned designs of anti-windup structure using an auxiliary system have not been developed for a specific practical system, and they have not achieved a result of asymptotic performance with output tracking error converging to zero, theoretically. Sun et al. [4] proposed an improved adaptive robust control method, in which an auxiliary design system is integrated into an anti-windup block for active suspension systems, and excellent results have been obtained by simulation verification. Besides, the auxiliary design system also was developed for the tracking problem of ships with input saturation [25] . In addition to auxiliary system designed to handle saturation, there are many other anti-windup control strategies. For example, Wen et al proposed an adaptive control scheme for a class of uncertain nonlinear systems with single control input, in which a smooth function is utilized to weaken the effect of input saturation [26] . Similar anti-windup methods were also used to electro-hydraulic actuator (EHA), which was applied to the joint position control of robotic arm of two-degree-offreedom [8] . Besides, model predictive control (MPC) is also a powerful tool against input saturation due to its mechanism of receding horizon and repeating optimization [27] , [28] .
Except the above-mentioned problem of input saturation, the nonlinearity of valve dead-zone will be premeditated in this paper, and it is a crucial matter in uncertain nonlinear system, especially in hydraulic systems with proportional valve. This nonlinear characteristic will also impede the improvement of tracking accuracy of the nonlinear system. For the dead-zone compensation problem, the dead-zone inverse model is widely exploited by many research articles. In [29] - [33] , the mechanism of dead-zone compensation is incorporated into the design of the controller and simulation results are obtained, but it is necessary to point out that these models employed in [29] - [33] are discontinuous, which may result in the chattering of control input in practical operation. Fortunately, in [34] , a smooth dead-zone inverse model has been utilized to compensate unknown dead-zone, where an adaptive feedback controller was investigated for nonlinear systems. On this basis of [34] , Deng et al. developed a robust adaptive feedback controller combined with smooth deadzone model for hydraulic systems with unknown valve deadzone, and excellent experiment results were obtained [21] . Although the nonlinearity of dead-zone has been further studied in many papers, the lack of pre-design for anti-windup will hardly obtain excellent tracking performance for nonlinear system with input saturation and dead-zone. Therefore, how to design a nonlinear controller, where the effects of input saturation and dead-zone are simultaneously handled, is an imperious problem. This paper, inspired by the strategy of anti-windup employed in [23] and continues the work done in [21] , a robust adaptive feedback control scheme is proposed for the hydraulic system, which is driven by hydraulic actuator with double rod. Not only the system uncertainties, but also the nonlinearities of valve dead-zone and input saturation are all taken into account in the scheme of controller simultaneously. In addition, unknown parameters (i.e., dead-zone parameters, controlled system parameters, the upper bound of disturbance) are obtained via the estimation of integrated adaptive laws, and a novel robust control term is designed to restrain the various disturbances [22] . Theoretical researches indicate that the proposed controller can obtain an asymptotic tracking performance. The contributions of this paper consist of the following aspects. 1) The auxiliary dynamic system of anti-windup and a dead-zone inverse model are integrated by establishing the mathematical relationship between the saturation increment and the valve dead-zone inverse model based 53522 VOLUME 6, 2018 on Taylor's formula. 2) Theoretically, a suitable nonlinear robust controller is synthesized in this paper with the consideration of dead-zone, input saturation, other nonlinearities in hydraulic systems and various uncertainties, and finally the design of the proposed controller can achieve the asymptotic tracking performance with the output tracking error converging to zero. 3) To the best of the author's knowledge, this is the first result that active dead-zone compensation and the mechanism of anti-windup are integrated in the robust adaptive control design of uncertain hydraulic systems. Comparative experimental results are utilized to fully verify the priority of the design. Fig. 1 illustrates the hydraulic system under this study. The architecture of a hydraulic actuator is shown in the left of Fig. 1 . The actuator controlled by servo valve drives an inertia load.
II. PROBLEM FORMULATION AND MODELS
The objective of design is to make the difference between the tracking trajectory of inertia load and the expected trajectory as small as possible. The force balance equation of the inertia load can be presented as
where y and m represent the load position and mass, respectively; P L = P 1 − P 2 is the load pressure of the actuator, in which P 1 and P 2 are the pressures inside the left and right chambers of the actuator; A is the efficient ram area of the actuator; B is the viscous friction coefficient; A f denotes Coulomb friction level, and S f is a smooth shape function to approximate the Coulomb friction effects; f (t) represents various disturbances (e,g., unmodeled friction effects, unmodeled dynamics, external disturbances, etc). As suggested in [9] , the load pressure dynamics can be described as
where V 1 is the left control volume and V 2 is the right one (i.e., V 1 =V 01 +Ay; V 2 =V 02 +Ay); V 01 and V 02 are the initial control volumes at the starting time; C t represents the internal leakage coefficient; β e represents the effective oil bulk modulus; Q 1 is the supplied oil flow to the left chamber, and Q 2 is the return oil flow of the right chamber; q 1 (t) and q 2 (t) denote modeling errors. Q 1 and Q 2 can be determined by the displacement of the spool valve x v , as [9] :
where k q = C d w √ 1/ρ is the flow gain, and s(x v ) is
where w represents the area gradient of spool valve; P r is the return pressure; P s represents the supplied oil pressure; C d represents the discharge coefficient; ρ represents the density of oil. Neglecting the valve dynamics, the valve dead-zone nonlinearity DZ (•) can be presented as [22] :
where u represents the control input; m r and b r are designed as unknown positive constants; m l and b l are designed as unknown negative constants. In addition, the control input saturation of the hydraulic system is described as follows: (6) where u max is the maximum absolute value of control input voltage; u c is the designed control law, sgn(•) is the symbolic function [25] . The nonlinear characteristics of valve dead-zone and input saturation are described in Fig. 2 (a). 
Define the state variables as
, Therefore, the hydraulic system can be presented in a state-space form aṡ
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where q e = A(q 1 (t)/V 1 +q 2 (t)/V 2 ) and
III. NONLINEAR ROBOST ADAPTIVE CONTROLLER DESIGN A. DESIGN MODEL AND ISSUES TO BE ADDRESSED
The valve dead-zone can be compensated by employing a smooth dead-zone inverse model as shown in Fig. 2(b) , which was introduced in [21] and [34] . The definition of DI (•) is usually described as
where ϕ r (x v ) and ϕ l (x v ) represent smooth indicator functions, which are usually described as
where ε is a positive constant. Define the unknown dead-zone (5), the nonlinearity of dead-zone can be given by
where
in which the indicator functions are defined as
The approximate displacement of valve spool x vd can be modeled by
T is the corresponding value of σ ;θ is the estimation of parameter ϑ. The difference between (11) and (13) can be presented as follows:
where d e (t) =θ T (σ − σ ), which will be considered as disturbances in subsequent design;θ is the estimation error of ϑ (i.e.,θ =θ − ϑ). In order to suppress the influence of input saturation on the tracking performance, the dynamic auxiliary system is designed by [23] 
the definition of z 3 will be given later; u (i.e., u=u−u c ) is the saturation increment, which is the difference between design input and saturation input; k 4 , k 5 , k 6 and τ are positive constants to be selected and k 5 needs to satisfy the inequality k 5 ≥0.5ζ ; e is the auxiliary dynamic variable. To integrate the dynamic auxiliary system into the controller design with dead-zone inverse model, based on the Taylor's formula theorem [35] , the mathematical relationship between the saturation increment and the dead-zone model can be established as:
are the Peano's remnants. From the constituent components of system, the unknown parameters are set as θ =[θ 1 , θ 2 , θ 3 , (14) and (16), the state space (7) can be rewritten aṡ
and
The following assumptions need to be made to complete the nonlinear controller design.
Assumption 1 [10] : The desired tracking trajectory x d (t) belongs to C 3 and both bounded; in practical hydraulic systems, P 1 and P 2 are both considered bounded by P s and 0 < P r < P 1 < P s , 0 < P r < P 2 < P s , in which P s and P r are positive constants.
Assumption 2 [21] : Unmatched model uncertainty f (t) and matched model uncertainty (t) are all bounded, i.e.,
where δ 1 and δ 2 are unknown positive constants. Assumption 3 [22] : Existing two positive time-varying functions ω 2 (t) and ω 3 (t) satisfy the following equation:
where κ 2 , κ 3 ,κ 2 andκ 3 are positive constants. Lemma 1 [22] : Inequality conditions as follows:
20) will be invoked in this paper.
B. NONLINEAR CONTROLLER DESIGN
For the design of model containing unmatched uncertainties in the system (17) , the design of nonlinear controller parallels the recursive backstepping scheme [14] .
Step 1: Noting that there is no uncertainty in the first equation of (17), we firstly define the tracking errors as
53524 VOLUME 6, 2018 where z 1 = x 1 − x d is the tracking error of controlled system; α 1 represents the virtual control law; k 1 represents a positive feedback gain. It can be seen the transfer function between z 1 and z 2 is easily considered stable. Therefore, the tracking error z 1 will be small or converge to zero by ensuring z 2 small or converging to zero. To ensure z 2 as small as possible is the following goal. Noticing (17) and differentiating (21) , the time derivative of z 2 can be presented as
where x 3 will be thought as a virtual control signal, then, a virtual control law α 2 is presented as
The design of α 2s2 needs to satisfy the conditions as:
Then, α 2s2 can be designed as [21] , [22] :
From Lemma 1, the proof of (24) is presented as follows:
where k 2 and k 2s are the positive feedback gains; α 2a is the model compensation term; α 2s denotes the robust feedback control action, in which α 2s1 denotes a linear robust term and α 2s2 is a nonlinear robust control law.δ 1 is the estimation of δ 1 (i.e.,δ 1 =δ 1 − δ 1 ), in whichδ 1 is the estimation error; ω 2 (t) is designed to satisfy Assumption 3. Substituting (23) into (22), (22) can be rewritten as (27) where z 3 indicates the discrepancy between x 3 and α 2 , and
, 0, 0, 0] T ;θ is the estimation error of θ (i.e.,θ =θ − θ ), in whichθ is the estimation of parameter θ.
Step 2: A virtual control law α 2 has been designed. Next, we will determine a practical control law for u. From (27) , the derivative of z 3 with respect to time can be described as
Then, from (28) and the third equation of (17), the derivative of z 3 with respect to time can be rewritten as
where ϕ 2 =[0, 0, −α 2 , −f 3 , 1] T . x vd will be considered as the control input. Therefore, the control law for x vd can be described as:
The design of x vds2 needs to satisfy the following conditions:
Then, x vds2 can be designed as:
where k 3 , k 3s and k 7 are the positive feedback gains; x vda is the model compensation term; x vds denotes a robust control term, in which x vds1 denotes a linear robust term and x vds2 is a continuous nonlinear robust control feedback law; ω 3 (t) is designed to satisfy Assumption 3.δ 2 is the estimation of δ 1 (i.e.,δ 2 =δ 2 − δ 2 ), in whichδ 2 is the estimation error; From (9), the practical control input u c is obtained by
Noting (29) and the definitions of estimation value and estimation error, the dynamic equation of tracking error z 3 will be reorganized as
Substituting (30) into (34), (34) will be rewritten as
C. MAIN RESUILTS
Theorem: Under Assumptions 1-3, and based on analysis of Lyapunov stability, adaptation laws can be designed as:
where θ and ϑ represent positive definite diagonal matrices which can adjust the parameter adaptive rate. γ 1 and γ 2 are positive adaptation rate gains. k 1 , k 2 , k 3 , k 4 , k 6 , k 7 and ζ are positive and designed to satisfy that the matrix defined below is positive definite, which is presented as
Then, the designed control law (33) will ensure that system signals (e.g., z 1 , z 2 , z 3 , e , and so on) are both bounded, and asymptotic output tracking can also be obtained, i.e., z 1 → 0 as t→ 0.
Proof: See Appendix. Remark 1: Results of the theorem indicate that the proposed robust adaptive controller has an outstanding asymptotic tracking performance with tracking error converging to zero with the existence of input saturation, unknown valve dead-zone, parametric uncertainties, and uncertain disturbances. Such excellent asymptotic tracking is significant for high precision motion control of hydraulic systems. 
IV. COMPARATIVE EXPERIMENTAL RESULTS

A. EXPERIMENT SETUP
In order to verify the tracking performance of the designed controller, as shown in Fig. 3 , a hydraulic platform has been constructed. The platform is composed of a hydraulic cylinder with double rod whose efficient ram area is 9.04×10 −4 m 2 and the stroke is 44 mm, a hydraulic positioning control system, a bench case which includes a guide rail, a linear encoder (Heidenhain LC483, whose accuracy class is 5 µm), a hydraulic servo valve (Moog G761-3003, the rated flow is 19 L/min at 70 bar drop) whose bandwidth is above 120 Hz, a mass load, a measurement and control system, two pressure sensors (MEAS US175-C00002-200BG) inside the two chambers of the hydraulic cylinder are to measure pressure signals, a driving shaft, an oil supply platform. This control system, which can apply control strategies and collect experimental data, is made up of real-time control software and monitoring software. In addition, this platform uses D/A card (i.e., Advantech PCI-1723), A/D card (i.e., Advantech PCI-1716), Counter card (i.e., Heiden-hain IK-220), which are 16-bits. The system sampling time is set as 0.5 ms.
For implementation of the control law (30), velocity and acceleration signals ought to be obtained. Even if the velocity can be acquired by backward difference of position signals from the high accuracy linear encoder, the acceleration signal is difficult to be obtained through twice backward difference of the position signal in the same way since the measured noise will be magnified possibly. Therefore, a second-order Butterworth filter is employed to get the needful acceleration information [10] . Its cutoff frequency is 10 Hz and transfer function in the z-domain is given as
From the constituent components of system, the nominal parameters of the hydraulic platform are as follows:
Remark 2: The nominal parameters A, V 01 and V 02 will be determined by referring to product's handbook. P r was selected at the process of building the experimental platform and it is not adjustable at experiment, it can be determined by the return pressure sensor. P s can be selected from 3 MPa to 21MPa since the electro-hydraulic servo valve has a starting pressure of the least 3 MPa and the maximum pressure that the oil source can provide is 21MPa. Within the range of options, the magnitude of P s has little effect on the tracking performance by many tests. In our paper, 10MPa is enough and selected as supplied oil pressure for our application.
Because the high performance servo valve makes the deadzone characteristic of the system very small, the system control software will be modified by adding virtual artificial valve dead-zone. Therefore, the parameters of unknown dead-zone are set as m r =1, m l =1, b r =1, b l =−1. All experiments are implemented in the existence of dead-zone. For convenience, the slopes of the valve dead-zone are supposed to be known ( i.e., m r and m l ).
B. COMPARATIVE EXPERIMENT RESULTS
The control performance of the proposed controller will be verified by the following five controllers, which will be compared under different working conditions. RACSD: The robust adaptive controller with input saturation and done-zone is designed in this paper, whose gains are given by 4 , 2000, 1×10 −9 , 2×10 −13 , 0}, ω 2 =4.5/1+t 2 , ω 3 =4.5/1+t 2 , ζ =2, τ =0.01 and ε=0.1.
RACD: This is the robust adaptive controller only with the mechanism of done-zone compensation, which is similar with RACSD controller, but without considering input saturation by referring to [21] . Therefore, it can be used to test the ability of the anti-windup designed in RACSD. In order to guarantee fair comparison of the five controllers, this controller selects the same parameters as the RACSD.
RACS: The robust adaptive controller only with input saturation, which is the same as RACSD controller but without done-zone [25] . Hence, it will be used to test the effectiveness of the dead-zone inverse model. In order to guarantee fair comparison of the five controllers, the parameters of controller are the same as the RACSD.
RAC: The robust adaptive control without considering input saturation and done-zone compensation is used. To make sure the comparison between them is fair enough, the parameters of this controller are selected to be consistent with the parameters of RACSD.
VFPI: The velocity feed-forward proportional integral controller [21] , whose control structure is widely utilized in industry, is tested. The controller gains are set as velocity gain k v =0.0281V·s/mm, which is firstly identified via experiments, k p =8000, and k i =2000.
Remark 3: The parameters selection of the proposed controller need to be discussed carefully. In [36] , two general methods are introduced. The first way is strict and formal. In detail, a set of k 1 , k 2 , k 3 , k 4 , k 6 , k 7 and ζ will be determined by calculating all order sequential principal minor determinants of matrix in (37) to ensure that the matrix is positive definite. However, this way will increase the complication of the resulting control law to a certain extent since a lot of significant investigating work will be needed. Sometimes, it is almost impossible to finish it in practice. Therefore, an alternative approach is adopted widely since the matrix is a symmetric matrix and the main parameters to be chosen are on the main diagonal. This method is to select suitable parameters and to ensure that the four elements (i.e., k 1 , k 2 , k 3 , k 4 − k 2 6 /2ζ ) on the main diagonal of the matrix are large enough and positive, which make that the positive definiteness of matrix will be met. In this paper, the second approach is employed since it significantly simplifies the offline work and promotes the online tuning process of parameters in implementation. In the experiment, overlarge control gains may cause the chattering of the control input due to measurement noise, neglected high-frequency dynamics and finite sampling frequency. Hence, we start with small control gains and then carefully increase them to improve the tracking performance with a satisfied level. It is worth noting that the parameters (i.e., k 4 , k 5 , k 6 , k 7 and ζ ) have a great impact on saturation compensation and will be determined by the performance of anti-windup. Besides, transient tracking performance is also affected by the diagonal matrices (i.e., θ and ϑ ) and the parameters (i.e., γ 1 and γ 2 ), which will be adjusted by observing the curves of parameter estimation and tracking accuracy. As future studies, it is interesting to research a practical and logical approach for the process of choosing parameters.
There are three statistical indicators, which will be employed to analyze the tracking performance of each tested controller, i.e., the maximum M e , average µ, and standard deviation σ of the motion of tracking errors. The detailed introductions are listed respectively as:
1) The maximal absolute value is utilized as an index of evaluation for the tracking performance and is described as
where N represents the number of the feedback signals.
2) The average value can be described as
to measure the average tracking performance of the tested controller.
3) The standard deviation can be described as
to measure the deviation level of tracking errors of the tested controller. In the experiment, the five controllers are firstly implemented for a sinusoidal-like motion trajectory Fig. 5(a) , respectively. The comparison of position tracking errors of RACSD and RACD are presented in Fig. 5(b) . The difference between the designed input and the saturation input can be given in Fig. 6 . The control input of RACSD and RACD are compared in Fig. 7 . As seen in Fig. 5(a) , RACSD has a better tracking performance than the remaining controllers since the nonlinearity of valve dead-zone has been compensated effectively by smooth dead-zone inverse model and the nonlinearity of saturation has been suppressed by dynamic auxiliary system in the feed-forward way. Combined with the mechanism of anti-windup, the final maximum tracking error of RACSD is reduced almost down to 0.3697mm during the last two cycles, while the tracking error of RACD is about 0.5014 mm, which explains the anti-saturation ability of the dynamic auxiliary system in RACSD controller. In addition, it can also be seen from Fig. 6 that the saturation increment of RACD is obviously more than RACSD due to the ignorance of the effect of input saturation, which might lead to the chattering of control input at the end of saturation as shown in Fig. 7 .
Without using the dead-zone compensation, the tracking error of RACS is worse than RACSD as presented in Fig. 5(a) . In addition, it is not difficult to find that RAC has very poor tracking performance in comparison with other controllers VOLUME 6, 2018 since the effects of input saturation and dead-zone are not compensated. Although VFPI is better than RAC and RACS, it is still difficult to obtain high-precision control for controlled system in comparison with RACSD. Upper bounds estimation of uncertain disturbances of RACSD are presented in Fig. 8 . The estimation of unknown system parameters are shown in Fig. 9 . The estimation of unknown done-zone parameters of RACSD is presented in Fig. 10 , and the performance indices of tracking error are presented in Table 1 . From Figs. 8-10 , it is not difficult to find that all the parameters are bounded and converged to a certain fixed value. In Table 1 , compared to the all performance indices of the other controllers, it is fully verified that the mechanisms of anti-windup and dead-zone inverse model are designed effectively in RACSD.
To further verify the control capability of the designed control scheme, the limited voltage range of input saturation is set as [−1.7, 1.7] and a slow desired trajectory x d = 30 arctan (sin(0.2π t))[1−e −t ]/0.7854 mm is tested. In this case, the desired velocity becomes slower than the previous one, the nonlinear valve dead-zone and strong nonlinear frictions are exaggerated and the time for the input saturation will be longer, which may be the important factor of discouraging the control performance. The motion tracking performance of RACSD is presented in Fig. 11 . The tracking errors under five controllers are presented in Fig. 12(a) , respectively. The tracking errors of RACSD and RACD have been compared in Fig. 12(b) . The comparative control input of RACSD and RACD can be seen from Fig. 13 .
As seen in Fig. 12(a) , even though a slow tracking under the effects of the nonlinear valve dead-zone and control input saturation, the proposed RACSD controller is capable of compensating the nonlinearity of dead-zone and attenuating the effects of input saturation, and it is obviously that the proposed controller achieves superior performance in comparison with other controllers. In addition, The tracking accuracy of RACS and RAC become very poor due to the enhancement of dead-zone nonlinearity. As shown in Fig. 12(b) , the tracking accuracy of the corresponding RACSD controller is better than that of the RACD controller at each saturation point. The performance indices of tracking error are collected in Table 2 . From experimental results, again, it is evident that the RACSD has the excellent tracking performance, and has almost 50% performance improvement in comparison with the RACD, which means that the performance of the RACSD has been greatly improved due to the integration of saturated design, especially at low frequency. Besides, as shown in Fig. 13 , it is not difficult to find that the control input of RACSD controller recoveries to be faster without significant tremor at the end of saturation with the comparison to RACD. This is why RACSD has better control performance.
To farthest research the complex operating conditions and investigate the proposed algorithm against nonlinear characteristics (i.e., input saturation, dead-zone.), a motion [−4, 4] . It is noting that input saturation will be caused by the unpredictable disturbance during 30s and 35s. The comparative tracking errors of RACSD and RACD are present in Fig. 14 . As seen in Fig. 14 , even for such experiment under heavy disturbances, the proposed RACSD controller can still better than RACD since dynamic auxiliary system is integrated with dead-zone inverse model.
V. CONCLUSION
In this paper, a robust adaptive controller combined with antiwindup and active dead-zone compensation has been investigated for a hydraulic system driven by a valve-controlled hydraulic actuator. Not only the system parametric uncertainties and uncertain disturbances, but also the valve dead-zone nonlinearity and input saturation are taken into consideration. The dead-zone inverse model and the dynamic auxiliary system are effectively integrated in the design of proposed controller based on the backstepping technique, which ensures the designed controller has the advantages of dead-zone compensation and anti-windup. The stability of the closed-loop system is analyzed and proved based on Lyapunov stability theory, which shows that the proposed controller can enable that all signals are bounded and achieve asymptotic tracking 
From (15), (21), (27) and (35), the time derivative of V iṡ 
Therefore, from (46), it is obviously that W ∈ L 2 and V ∈ L ∞ and z 1 , z 2 , z 3 , e ,θ ,θ,δ 1 andδ 2 are bounded. From Assumption 1, we can know that the state x 1 , x 2 and x 3 are bounded. Based on (15) , (21), (27) , (35) and Assumption 3. It can be concluded that all signals are bounded in the closed loop system. Then, it is not difficult to examine thatẆ is bounded and thus uniformly continuous. Based on Barbalat's lemma [13] , W → 0 as t → ∞, which results in Theorem.
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